A novel optimization methodology for the disc cutter designs of tunnel boring machines (TBM) was presented. To fully understand the characteristics and performance of TBM cutters, a comprehensive list of performance parameters were investigated, including maximum equivalent stress and strain, specific energy and wear life which were closely related to the cutting forces and profile geometry of the cutter rings. A systematic method was employed to evaluate an overall performance index by incorporating objectives at all possible geological conditions. The Multi-objective & Multi-geologic Conditions Optimization (MMCO) program was then developed, which combined the updating of finite element model, system evaluation, finite element solving, post-processing and optimization algorithm. Finally, the MMCO was used to optimize the TBM cutters used in a TBM tunnel project in China. The results show that the optimization significantly improves the working performances of the cutters under all geological conditions considered.
Introduction
With the mushrooming of tunneling projects for underground space in China, the full face rock tunnel boring machine (TBM) has become more important. As the key component installed on the cutter head of TBMs, a disc cutter (hereinafter referred to as a cutter) commonly consists of a cutter ring, a hub, a pair of tapered roller bearings and others (see Figure 1) , of which the cutter ring directly interacts with rock and therefore plays a vital role in tunnel excavation. On one hand, a small deviation of some sensitive parameters of the cutter ring such as tip width will result in a significant change in rock-breaking forces and cutting efficiency [1] [2] ; on the other hand, wear characteristics of the cutter which have significant effects on tunneling cost and work period are closely related to profile geometry of the ring and geological conditions [3] . Considering that some components of commercial cutters such as bearings and seals have already been standardized and serialized in TBM industry nowadays, it is quite normal for designers to focus their attention on choosing an optimal profile of a cutter ring rather than on re-designing the whole cutter for a given tunnel project. Unfortunately, the complexity of the interaction between rock and cutter rings, as well as the diversity of geological conditions, represents great challenges in TBM cutter design. Especially with the inevitable trend in TBM applications toward long-distance tunneling, tougher geological conditions such as hydrostatic pressure, thermal environment, flowing soil and incredibly hard rock will further complicate the design process [4] .
In order to improve the cutters' performance, some leading companies such as Robbins are being engaged in developing custom design solutions for cutters applied to soft rocks and mixed grounds [5] . European Union launched a long-term research program GOODLIFE (Global optimization of disc cutter tool life for TBMs, GRD1-1999-10335) which suggested the great potential for reducing excavation costs by some altering in cutter structures and in metallurgy. The Colorado School of Mines (CSM) model [6] , based on chip formation mechanism and linear cutting tests [7] , allegedly can determine the optimal geometry of cutter rings according to the rock property specified by users, but it seems to be only applicable to a single geological condition. Some researchers in related fields employed multi-objective genetic algorithm and cooperative co-evolutionary algorithm to solve cutters' layout design problems [8] [9] , which shed light on the cutter design with multiple nonlinear constraints. However, these researches have the same shortcoming as the CSM model.
In this study, based on a theoretical cutting model, a comprehensive list of performance parameters were investigated, and then a systematic evaluation method was employed which could simultaneously review the parameters for all geological conditions. To solve these unique geology-related multi-factor optimization problems for TBM cutters, a novel design optimization methodology for different geological conditions, named Multiobjective & Multi-geologic Conditions Optimization (MMCO) was then developed. Finally, a case study was present. It is worth noting that in this paper we only focus our investigations on constant cross-section (CCS) cutters as they have higher cutting efficiency and longer-term durability comparing with V-shaped cutters [1] . The dimensional parameters of a CCS cutter are shown in Figure 1. 
Cutting Model and Performance Parameters

Theoretical Cutting Model
The CSM model is one of the most well-known models in TBM industry. Using this model, the cutting forces can be estimated as a function of intact rock properties and the cutter geometry [10] . However, the shortcoming of the model is that it does not fully consider cutters' movement characteristics. To overcoming the aforementioned issues, The Central South University (CSU) [11] model places particular emphasis on spiral characteristics of rock-breaking movement (see debris (see Figure 2 down), the cutting forces can be formulated as the complicated functions Equations (1)-(3). The predicted cutting forces are in good agreement with the experimental values obtained from the cutting tests on the rotary cutting test platform, so it is quite reasonable to use this model to obtain the cutting forces for different geological conditions. 
where F v , F c1 , F c2 and F r are the vertical cutting force, the lateral force component near the central axis of the cutter head, the lateral force component far from the central axis and the rolling force respectively; B, h, r, R and θ are the tip width, the penetration depth, the transition radius, the external radius and the edge angle of the cutter ring; R i is the installation radius of the ith cutter; S is the cutter spacing; β 1 and β 2 are the phase differences between the ith cutter and its adjacent cutters; σ c and τ are the uniaxial compressive strength (UCS) and shear strength of rock respectively; φ is the contact angle of the cutter ring on rock surface; Ψ is the angle between two 
Performance Parameters
Based on the above cutting model, a comprehensive list of performance parameters are chosen as follows: 1) Wear life L w Cutter wear incurs the cost of downtime as well as the cost of refurbishing and replacing cutters and therefore is a critical design factor. There are some semi-theoretical models available for predicting the wear life of cutter rings [12] - [15] , of which Wijk model [12] is one of the most comprehensive models. Based on the data collected from construction sites, Wijk drew the conclusion that L w is approximately inversely proportional to CAI 2 (Cerchar Abrasivity Index of rock [16] ) and (σ c σ t ) 1/2 which is a measure of the shear strength of rock τ; L w is proportional to wear volume V w and cutting pressure acting on the cutter tip F v /B'. Incorporating all the assumptions above and introducing the wear coefficient Σ, Pa 2 /m then yields the following relation for the wear life L w : where B' is the tip width of the worn ring; e w is the radial wear of the cutter ring; n is the rotational speed of the cutterhead; σ t is the uniaxial tensile strength of rock.
As Wijk model is originally deduced for V-shaped cutters, wear volume V w should be further modified for CCS cutters. Assuming that the cutter tip of CCS cutters will still maintain CCS shape during the cutting process, wear volume V w can be calculated according to the geometry of the worn cutter tip, as shown in Figure 3 . Σ can be obtained by laboratory test or by fitting the wear data measured in-site.
2) Specific energy SE As mentioned above, the cutting forces in the CSU model are derived from the equilibrium equations of the ideal two-dimension debris. According to tension-shear broken theory, there exist three types of debris due to non-overlapping, just-overlapping and overlapping crack, as shown in Figure 4 . Based on the geometric relationship of each type, rock breaking volume co-produced by the ith cutter and its adjacent cutter V can be written in the form of piecewise functions as follows [17] : where β is the rock crushing angle; L is the crack length which can be predicted by the semi-theoretical model based on the linear regression method [18] ; other symbols are explained in literature [17] . SE is selected to assess the cutting efficiency of cutters. SE can be given as:
where l is the rolling length of the cutter.
3) Maximum equivalent stress σ max and maximum equivalent strain ε max σ max and ε max are selected to check whether cutter rings can withstand the given cutting forces. Normally for a rolling cutter, a cutter ring is heated and then press-fitted into a mating hub which is slightly smaller than the ring so that an interference fit is created after the ring cools down. Undoubtedly, the initial stress condition caused by the interference fit will greatly affect the stress distribution and strength of the ring and thus should be considered. In this paper, σ max and ε max are obtained by solving the FE model to which both the calculated cutting forces and a recommended interference δ min are applied. To meet the demand of transferring torque and evening the stress distribution, the minimum magnitude of interference is set to 0.05 mm [19] . 4) Relative cost ΔC With the help of prior knowledge, feature-based cost estimation techniques can assist designers to quickly estimate the manufacturing cost of a product at the conceptual design stage of the product life cycle [20] . It is assumed that machining parameters and materials remain the same, ΔC which is defined as the relative cost of a new cutter ring when compared with the original one can be easily estimated by: [ ]
Obviously, ΔC is not the true cost but an index which roughly indicates the economy of sizing/shape changes and provides the designers with a means of comparing the relative complexities of alternate designs. The coefficients in Equation (10) are provided by one of our partners, namely China Liaocheng RZ Construction Cutters Co., Ltd.
5) For lightweight design, the mass of the cutter ring m c is also selected as a design objective.
Structural Optimization of TBM Cutters
Systematic Evaluation Method
Based on the concept of parameter profiles [21] , an m × n matrix (d ij ) called performance data matrix (PDM) is defined by a set of performance parameters P i ( ) ( )
where l ij and b ij are the lower acceptable limit and the best expected value, respectively; for d ij > b ij , D ij = 10; and for d ij < l ij , D ij = 0. The data point for the cases of acceptable upper limit and double acceptable limits can be calculated in a similar way. The mean and standard deviation (SD) are calculated for each parameter and geological condition in each column and row in the PPM. A well-designed cutter should have low SDs and high mean values (close to 10). The existence of high SDs signifies that the cutter is likely to have significant problematic areas. Therefore, the system may be reviewed by using these means and SDs as follows: a) A high SD for a row indicates variable system performance under different geological conditions for a particular parameter. b) A high SD for a column indicates that the system is likely to have significant problematic performance for the specific geological condition.
In order to get a more concise form, a parameter performance index for all possible geological conditions PPI i and a geological performance index GPI j for all parameters can be defined as follows:
The two indices are calculated by summing the inverse of the data points to avoid the effect of any particularly low scores being hidden by high scores in other respects which is possible when only the mean is calculated. For ease of analysis, the performance indices are brought into the range 0-10 no matter how many data points are used in each calculation. This enables different parameters and geological conditions to be compared in order to gain an overall perspective of the character of the design system. The system may be further reviewed by using this information as follows: a) A comparison of PPIs will indicate whether the system performs better with respect to some performances than others. b) A comparison of GPIs will show whether the system performs significantly better under some geological conditions than others.
Considering the PPI and GPI's role, it is quite normal to integrate them to obtain a measure of the vulnerability of a particular parameter/geology combination. Each performance parameter or geological condition is weighted according to its importance, and the data points are calculated as: The OPI comprises all the performance parameters under a total of n geological conditions simultaneously, which reflects the closeness of the actual performance of design to the acceptable limit and the best value of the performance given by the designers. The evaluation method presented in this paper makes it possible to force some or all performances to approach their best level values.
Multi-Objective & Multi-Geologic Conditions Optimization (MMCO)
There are efficient optimization strategies which can produce a set of high-quality solutions for general design problems. For example, a multifactor (multi-objective and multi-loading-case) optimization method (called MOST-multifactor optimization of structure techniques) [21] - [23] , devolved by J.S. Liu et al., as originally developed to solve the structure design with strength/weight conflict, such as antenna systems and ultralight weight truss materials, is now updated to automatically accommodate and execute unique geology-related multi-factor optimization problems specially for TBM cutters. Unlike its predecessor, the updated one considers all the predicted geological conditions and their corresponding loading cases. In other words, the cutting load is now determined by rock properties and geological circumstances rather than simply given by designers. Therefore, the new program can comprehensively consider the coupling effects of the structural performance, rock-breaking mechanism and geological conditions. In order to facilitate the distinction between two programs, the new is called Multi-objective & Multi-geologic Conditions Optimization (MMCO).
Flow chart of MMCO is shown in Figure 5 . MMCO systematically incorporates the FEA, system evaluation and optimization algorithm, including pre-and post-processing, input/output, model update and interface procedures. By employing ANSYS to carry out structural analyses under different geological conditions, together with theoretical analyses, the core optimization program can produce an optimal design based on the analysis results and optimization criteria. The optimization problem is solved to maximize the objective function by using the effective zero-order method which utilizes conjugate search directions.
Case Study
To illustrate what could be achieved in the performance improvement, the MMCO is performed for cutters originally used in a TBM tunnel project in China. By core drilling and laboratory tests, geological conditions encountered along the alignment of the tunnel mainly consist of four types of rock. Rock properties used to de- scribe the character of four geological conditions are listed in Table 1 . Each condition is properly weighted according to its importance by the expert scoring method.
To draw a comparison, the value of profile geometry of the original cutter is treated as the initial input for optimization. Combining the design variables and performance parameters with specific boundaries, the optimization model is presented as follows: 
1, 2, , 4 j = (* denotes the expected best value) The above model is coupled with a FE model (see Figure 6) . In order to reduce the computational cost, a half model is parametrically established by reading the APDL input file. Two upper horizontal cross-sections of the cutter ring are fixed. The cutting forces are applied on the contact surface of the cutter ring with rock in the form of nodal forces. Meanwhile, the uniform radial nodal displacement δ min is applied on the nodes attached to the inner surface of the cutter ring to simulate the interference fit.
Results and Discussions
By performing the MMCO, the OPI increases from 0.37 to 2.53. Performance parameters of the original and optimized cutter for all geological conditions are presented in Table 2 . Significant improvement in the design can be seen from the results, especially:
1) The maximum SE occurred at G 3 is reduced from 5.86 Kwh/m 3 to 4.00 Kwh/m 3 .
2) The maximum σ max occurred at G 4 is reduced from 163 MPa to 87.5 MPa. Correspondingly, the maximum ε max is reduced from 0.79 × 10 −3 to 0.425 × 10 −3
. Figure 6 . FE model of the cutter ring in ANSYS. 3) More importantly, whilst all of those mentioned above are achieved, the shortest wear life of the cutter ring obtained at G 4 is prolonged from 17.8 hours to 22.7 hours and the wear life in other geological conditions has also improved to a satisfactory level.
If the optimized cutter was used to replace the original cutter, a high-confidence 43.7% decrease in the total consumption of cutter rings during the tunneling period from 1 st February 2011 to 29 th March 2011 could be expected according to Equation (5) . Comparing with the given acceptable limit 200, ΔC is rather small and acceptable.
The optimization processes of all the performances are shown in Figure 7 . These figures demonstrate the convergence history from the preliminary design to a much better design based on the optimization criteria. From these figures, a desired steady convergence can be observed. Figure 8 provides more complete comparisons of the cutter performances before and after the optimization for all geological conditions considered. For the sake of comparison, the best expected values and the given acceptable limits on each performance parameter, as well as the cutter performances of a randomly selected cutter ring with a similar shape (hereinafter referred to as the similar cutter), are also illustrated in Figure 8 . Notice that the similar cutter behaves poorly in most cases. Also worse still, its SE in G 4 exceeds the upper limit, which means it is unsuitable for this project case. In addition, the original cutter is not very suitable for being used under all four geological conditions. A wild guess could then be made that the original cutter was just designed for a single ground in the 9# tunnel. The SDs, PPIs and GPIs for the original and optimized cutter are listed in Table 3 and Table 4 , which can separately provide an overall performance rating for each performance and each geological condition. As shown in Table 3 , the lowest value of PPIs can be observed in the wear life for the two cutters, which indicates that the cutter's performance is restricted by wear life. Actually, in most TBM tunneling project, of which four different tunneling projects in China is shown in Table 5 , cutter change is always a time consuming activity which ring wear can have a major impact on. Similarly, G 3 is one of the toughest geological conditions, which is consistent with the actual observation in the construction site. As the program can try to focus on strengthening 'the weak spot' under the worst geological condition as well as maximizing the overall performance, both PPI 7 and GPI 3 increase to a higher level.
The variations of the design variables before and after the optimization are listed in Table 6 . It can be seenthat the tip shape of the optimized cutter is different from that of the original while their external dimensions are almost the same. This is because the MMCO has more design freedom and flexibility in the tip shape to which SE, L w and structural strength might be more sensitive than ΔC and m c . In other words, great changes in the external dimensions such as R and R in will incur large ΔC. It is also worth to note that all the three cutter designs have yielded the same external diameter (17 inch) of the cutter rings. Not coincidentally, this is a common size widely adopted by modern TBMs nowadays.
Conclusion
The TBM cutter optimization presented in this paper shows that the proposed MMCO method is very effective for the complicated design of cutters and has the potential to be further developed into a useful design tool. The optimization improves not only the cutter strength but also a comprehensive list of performance parameters which Table 4 . Geological condition profile analyses of the original and optimized designs (non-dimensional). Table 6 . Design variables for the original cutter, the optimized cutter and the similar cutter. are highly related to geological conditions and their corresponding loading cases. Like any other non-linear programming method, the proposed technique may not necessarily achieve a global optimum or force every performance at every geological condition to reach its optimum, especially when some objectives conflict with oth-ers and when many geological conditions are concurrently considered in an optimization. However, the MMCO results obtained for the case study show that performance of the optimized cutter has been improved significantly for all geological conditions. Based on its capability of MMCO in solving multi-objective and multigeologic conditions problems, it will be the future work to develop it to optimize the whole cutterheads of TBMs.
